Lunar breccia 73217 is composed of plagioclase and pyroxene clasts originating from a single gabbronorite intrusion, mixed with a silica-rich glass interpreted to represent an impact melt. A study of accessory minerals in a thin section from this breccia (73217,52) identified three different types of zircon and anhedral grains of apatite which represent distinct generations of accessory phases and provide a unique opportunity to investigate the thermal history of the sample. Equant, anhedral zircons grains that probably formed in the gabbronorite, referred to as type-1, have consistent U-Pb ages of 4332±7 Ma. A similar age of 4335±5 Ma was obtained from acicular zircon (type-2) grains interpreted to have formed from impact melt. A polycrystalline zircon aggregate (type-3) occurs as a rim around a baddeleyite grain and has a much younger age of 3929±10 Ma, similar to the 3936±17 Ma age of apatite grains found in the thin section. A combined apatite-type-3 zircon age of 3934±12 Ma is proposed as the age of the Serenitatis impact event and associated thermal pulse. X-ray mapping and electron probe analyses showed that Ti is inhomogeneous in the zircon grains on the sub-micron scale. However, model temperatures estimated from SHRIMP analyses of Ticoncentration in the 10 microns diameter spots on the polished surfaces of type-1 and type-2 zircons range between about 1300ºC and 900ºC respectively, while Ti-concentrations determined for the type-3 zircon are higher and correspond to the temperature of about 1400-1500ºC. A combination of U-Pb ages, Ti-concentration data and detailed imaging and petrographic studies of the zircon grains show that the gabbronorite parent of the zircon clasts formed shortly before the 4335±5 Ma impact, which mixed the clasts and the felsic melt and projected the sample closer to the surface where fast cooling resulted in the crystallisation of acicular zircon (type-2). The 3934±12 Ma Serenitatis event resulted in partial remelting of the glass and formation of polycrystalline zircon (type-3). This event also reset the U-Pb system of apatite, formed merrillite coronas around some apatite grains and probably re-equilibrated some pyroxenes in the clasts. The age of the acicular zircon at 4335±5 Ma provides the first evidence of pre-3.9 Ga impact melts. Our data, combined with other chronological results, demonstrate the occurrence of pre-3.9 Ga impacts on the Moon and suggest that the lunar impact history consisted of a series of intense bombardment episodes interspersed with relatively calm periods of low impact flux.
INTRODUCTION
Currently, the most widely accepted model for the impact history of the Moon is the Terminal Lunar Cataclysm or Late Heavy Bombardment (LHB) model in which the Moon and other planets in the inner Solar System experienced an intense bombardment over a short time period around 3.9 Ga following a long period of low impact flux (Tera et al., 1974 scans and Ti ppm is the Ti concentration contents in standard and unknowns.
The zircon standard CZ3 was used as a reference for the calculation of Ti content of unknowns. Three 1 mm chips of CZ3 were analysed for Ti concentrations by LA-ICP-MS using an Excimer UV laser (193 nm) , and a Hewlett-Packard Agilent 7500 quadrupole mass spectrometer, at the ANU. The analytical spot size was 45 micron diameter. The laser repetition rate was 4 Hz, delivering 100 mJ per pulse. These analytical conditions were also used for the calibration and secondary standards. Ablation was conducted under a mixed He+H 2 atmosphere and the ablated material was carried to the plasma in an Ar/He gas stream.
The instrument was tuned to optimum sensitivity and to minimise production of interfering oxides species, with 232 Th 16 O/ 232 Th routinely < 0.5%. The analyses were performed in peak hopping mode with a dwell time of 0.05 s/mass. For each analysis the gas blank was acquired for 30 s, the laser triggered, and the signal acquired for a further 65-90 s. The analytical protocol essentially followed that of Eggins et al. (1998) and Norman et al. (2007) . The primary calibrating standard was NIST-610 glass and the secondary standards, 91500 and BR266 zircon, BHVO-1, BIR-1, TB-1 and BCR-2 basalt glasses (Eggins 2003) were routinely analysed as unknowns to check data quality control. Batches of analyses of three to five ''unknowns'' (the CZ3 zircon and the above-listed secondary standards) were bracketed by analyses of NIST-610 allowing monitoring of, and correction for, instrumental drift. Data reduction used background corrected count rates and the method established by Longerich et al. (1996) . 177 Hf was measured enabling use of WDS electron microprobe determined Hf 2 O abundances as the internal reference element for zircons. Ti was measured at mass 49 Ti, due to possible interferences on 48 Ti. Calibration values for NIST-610 used in the data reduction are those of Eggins (2003) . A linear drift correction based on the analysis sequence and on the bracketing analyses of NIST-612, was applied to the analyte count rate for each sample.
Multiple analyses of the secondary standard basaltic glasses indicated that analytical reproducibility and accuracy were better than 5% for this analytical session. Four analyses of CZ3 give a mean Ti concentration of 5.05 ± 0.6 ppm (2 sig. uncertainty on the mean).
Temperature was calculated using equations defined by Watson et al. (2006) . Errors estimated propagating analytical uncertainties are shown at 2-sigma level.
All errors for the U-Pb data obtained on individual SHRIMP spots are shown as 2-sigma (unless specified), while errors of average ages are at 95% confidence level.
BRECCIA 73217
Breccia sample 73217 (140g) was collected from the rim of a 10 m crater in the landslide material from the South Massif of the Apollo 17 landing site (Compston et al., 1984) . It is described by Ishii et al. (1983) as a calcic-plagioclase-rich micro-breccia containing abundant angular mineral clasts and rare lithic clasts in a fine-grained, partially glassy matrix. From a study of the pyroxene clasts, these authors proposed that the mineral clasts in the breccia most likely originated from a fractionated (at temperatures of 1100-o C) relatively small layered intrusion. Many mineral clasts have thin rims formed postbrecciation by overgrowth or reaction (Ryder, 1993) . In particular, Crawford (1975) described relict hypersthene as rimmed by a corona of small pigeonite and augite grains, where it comes in contact with the melt. Huber and Warren (2008) comment that relict pyroxenes are often mantled with a complex layer of altered or overgrown pyroxene that is more ferroan and more calcic in composition compared to relict grain cores.
Breccia 73217 has a complex matrix, described by Crawford (1975) as ranging in composition from dominantly micron-sized crushed granules of plagioclase and pyroxene to intergranular patches of glass which contains delicate acicular apatites. Crawford (1975) also described subhedral hypersthene crystals rimming melt patches and tiny hypersthene grains in the granulated matrix as elongate crystals rather than rounded grains, suggesting that recrystallisation followed granulation. Huber and Warren (2008) emphasised the strongly granitic composition of the glass and described long euhedral blades of ilmenite and occasionally Ca-phosphate in the glass. The occurrence of Fe-metal, troilite, and zircon in the glass was noted by Ishii et al. (1983) .
On the basis of the presence of large plagioclase and exsolved pyroxene clasts, Crawford (1975) concluded that primary clasts material in the breccia equilibrated at ca 800 o C, in that part of the lunar crust where plutonic conditions prevail. Subsequently, the parent rocks were brecciated and partially melted. Their interpretation of the complexity of the pyroxene crystallisation trends led Ishii et al. (1983) to propose that the formation of the breccia involved an initial differentiation of basic magma into layers, a second event that mixed mineral clasts in only the upper part of the layered body, and a later thermal and brecciation episode involving mixing of lower and upper parts of the layered body. These authors remark that the above model is difficult to reconcile with the observed diffuse boundaries between clasts from the upper and lower parts of the layered body. (Ishii et al. 1983 ). However, Huber and Warren (2008) expressed doubts that the granitic glass could derive from partial melting of the gabbronorite parent of the clast population as suggested by Crawford (1975) . They considered it more plausible to assume that the melt component was already molten before impact and subsequently mingled with the mafic rock fragments to form the breccia.
The contradicting features preserved in the sample therefore suggest that there is no genetic link between the clasts and the mesostasis, and that the gabbronoritic clasts, which represent a single slowly cooled plutonic body, were mixed with the melt component of 73217 as a result of impact followed by a rapid cooling due to projection of the clast-melt mixture closer to the surface (Huber and Warren, 2008) .
SIMS U-Pb ages of four zircon grains from this breccia were reported by Compston et al. (1984) . The grains were anhedral and showed evidence of resorption, presumably during the melting of the breccia matrix (Compston et al., 1984 Ma is one of the first reported from the ANU SHRIMP laboratory (Compston et al., 1984) and was interpreted as dating crystallisation of the gabbronorite.
RESULTS

Zircon and apatite occurrence in thin section 73217,52
An exceptional feature of the breccia exposed in thin section 73217,52 is that it contains three morphologically distinct zircon types which represent definite stages in the thermal history of the breccia. The first type (type-1) consist of rounded, anhedral 30 to 50 μm grains surrounded by glass (Fig. 1) . The rounded zircon forms are similar to those of the pyroxene and apatite (Fig.1a) and it is possible these minerals represent a cogenetic group that crystallised from the impact melt at a relatively high temperature. Similar anhedral zircons have been found in impact melt in lunar meteorite SAU 169 (Gnos et al., 2004) . The meteorite sample zircon is clearly intergrown with pyroxene and plagioclase leaving no doubt that it is an original component in the primary melt crystallisation sequence. However, the shapes of the type-1 zircon grains are similar to those reported by Compston et al. (1984) who interpreted these grains as having crystallised initially as euhedral crystals in the slowly cooling gabbronorite intrusion. Subsequently, the zircon grains have been rounded and embayed ( Fig.1 a, d ) by resorption in the surrounding felsic melt.
The second zircon type (type-2) is composed of several acicular zircons that have crystallised in the mesostasis together with needle-like ilmenite (Fig. 2) . These zircons show perfect angular terminations with no evidence of resorption. While the origin of type-1 zircon remains uncertain, the acicular grains have clearly crystallised from the felsic melt as it would be impossible to preserve the thin crystals intact if they existed prior to the impact that mixed gabbronoritic clasts with the felsic melt.
A third type of zircon (type-3) present in the breccia sample thin section 73217,52
occurs as a myriad of small crystals that form a reaction rim around a grain of baddeleyite (Fig. 3) . This reaction corona consists of a polycrystalline aggregate of small rounded zircon grains. The irregular reaction front between the baddeleyite and the zircon mantle is interpreted as the limit of penetration of a dissolution-precipitation reaction process between the baddeleyite and the surrounding mixture of pyroxene and plagioclase clasts and very small pockets of glass, containing K-feldspar and needle-shaped ilmenite. In several places, glass penetrates deeply between the individual zircon grains and small rounded patches of baddeleyite remain stranded in the zircon corona, suggesting that the formation of zircon is a result of an in-situ reaction and replacement of baddeleyite, which was probably part of original gabbronorite.
Apatite and merrillite grains with irregular to subhedral shapes, resembling type-1 zircon grains, and large enough for ion probe analysis, were identified scattered throughout the mesostasis (Fig. 4) . The observed intergrowths of apatite and pyroxene suggest that apatite formed in the gabbronorite and is part of the clast population. Some apatite grains are rimmed by clusters of small euhedral merrillite crystals oriented perpendicular to the apatite boundaries ( Fig. 4b ). This structure resembles the relationship between baddeleyite and its corona of zircon and is interpreted to have formed by the marginal breakdown of primary apatite under the same conditions responsible for formation of the zircon corona.
U-Pb results
Results of SHRIMP U-Pb analyses are given in surrounding the baddeleyite. The combined type-3 zircon and apatite data define an average age of 3934±12 Ma, which is interpreted as the best estimate of the last event preserved in sample 73217.
Ti in zircon
We have investigated the Ti concentrations in the three zircon types using X-ray mapping (Figs 1, 2 and 3), SHRIMP analyses (Table 1 ) and electron probe measurements (Table 2 ). The overall distribution of Ti in the zircon grains can be seen from the X-ray maps.
They show what appears to be significant internal inhomogeneity in Ti concentration within the grains on the sub-micron scale, which is confirmed by Electron Microprobe Analyses (EMPA) data. EMPA study of the grains is possible because of the relatively high Ti-content of lunar zircon, although the accuracy of this analysis cannot be verified by analyses of relevant terrestrial zircon standards due to their low Ti-concentration. Seven spot analyses on type-1 and four spots in type-2 zircon show extreme variation in TiO 2 from below the detection limit (ca 10 ppm) to 1590 and 940 ppm respectively. TiO 2 concentrations in the type-3 zircon appear to be higher, varying from 510 to 4100 ppm. The inhomogeneity shown by EMPA data contrasts with the relatively uniform Ti contents determined by SHRIMP analysis (Table 1) . Clearly the inhomogeneity observed on the submicron scale is not evident on the scale of a SHRIMP spot (ca 10 micron diameter).
Two SHRIMP analyses of the type-1 zircons made in the same spots as U-Pb analyses determine identical temperatures of 1298±9ºC and 1269±9ºC (Watson et al., 2006) . The concentration of Ti does not appear to be influenced by the presence of melt with higher Ticontent immediately around these grains. The after run secondary electrons (SE) images ( Fig Three SHRIMP Ti analyses were made on acicular type-2 zircon (Table 1) . Two of these analyses define similar temperatures of 917±7ºC and 926±7ºC, while the third corresponds to a higher temperature of 1081±8ºC. It is not clear whether this difference reflects a real variation resulting from very fast cooling of the sample or is an artefact produced by a non complete equilibration of Ti in the zircon, also as a result of fast cooling of the rock. Nevertheless, a combination of all three analyses determines an average temperature of 975±180ºC, which appears to be lower than that determined for the type-1 zircon, although the temperatures actually overlap within the errors. An approximate temperature of 1120 o C determined from the 4 EMPA measurements on the acicular grain (Table 2) is consistent with the SHRIMP result.
The zircon-baddeleyite aggregate is surrounded by small (10-15 microns) euhedral pyroxene and plagioclase crystals with peripheral pockets of glass containing some Kfeldspars (Fig. 3 ). Although glass with higher Ti-concentration is not abundant at the contact with the analysed type-3 zircon, there are some small patches of what are possibly protrusions of melt into the zircon aggregate. In addition, baddeleyite in the centre of the aggregate has a much higher Ti content than the zircon corona (Fig. 3e ). Therefore, it is possible that some of the Ti analytical spots represent mixtures between zircon and glass or zircon and baddeleyite, although analyses were made in the spots that have no indication of overlap with the baddeleyite grain in their U-Pb systems (Table 1) . The three SHRIMP Ti analyses of type-3 zircon in the aggregate are very similar and define temperatures of 1420±10ºC, 1525±11ºC
and 1594±11ºC with an average of 1510±170ºC. Four EMPA Ti measurements on type-3 zircon grains define an average temperature of 1460 o C, which is consistent with the SHRIMP estimate and also indicates higher Ti content of these grains compared to the two other zircon types.
DISCUSSION
A ca 4335 Ma impact melt
Type-1 and -2 zircons are both surrounded by felsic glass containing K-Fsp crystals and have ages that are identical within the errors. However, while type-1 zircons occur as rounded anhedral grains the type-2 grains show extremely elongated, skeletal forms (Figs. 1, 2). These skeletal grains suggest crystallisation from the fast cooling felsic melt and their age of 4335±5 Ma represents the time of melt solidification. Type-1 zircons have identical ages, similar U and Th contents and similar model temperatures to the skeletal grains suggesting that these grains have also crystallised from the same melt. However, Compston et al. (1984) identified four zircon grains in other sections of breccia 73217, which they interpreted as originating from the parent gabbronorite, represented by the clast population in the breccia.
This interpretation is based on the observation that one of these grains (70-80 μm in size) is an inclusion in an ilmenite of the clast assembly, while another one is a 120-150 μm zircon grain with a truncated optical zoning which is clearly a fragment of an even larger crystal.
Accepting the Compston et al. (1984) interpretation, these two grains clearly predate formation of the felsic melt. Two remaining zircons identified by Compston et al. (1984) are groups of small 30 μm grains similar to type-1 zircons from thin section 73127,52. They are also surrounded by felsic melt and their origin is not completely constrained. However, the UPb systems of zircon grains analysed by Compston et al. (1984) fall on a discordia line that defines a concordia intercept at 23 14
4356
+ − Ma, which is similar to the age obtained for both our type-1 and type-2 zircon grains from section 73217,52. The coincidence of ages can be explained if the gabbronorite crystallised shortly before impact which then pulverised the gabbronorite and mixed the fragments with felsic melt to form the breccia. This was followed by rapid cooling to crystallise type-2 zircons from the felsic glass. The alternative explanation, that both the rounded anhedral grains and the skeletal zircons crystallised from the granitic interstitial melt would need to disregard the textural evidence presented by Compston et al. (1984) and is considered less likely. Nevertheless, the present results provide the first demonstration of the presence of 4335±5 Ma impact melt in a lunar breccia
Formation of the type-3 zircon corona
Whereas the age of the felsic melt at 4335±5 Ma dates the formation of the impact breccia, the age of 3929±10 Ma for the small type-3 zircons in the reaction corona, in combination with the identical 3936±17 Ma age of apatite and merrillite from the same thin section, provides compelling evidence that a second major event has affected the breccia. The combined age of 3934±12 Ma fits the accepted timing of terminal lunar cataclysm and is identical within the uncertainties to the age proposed for the Serenitatis impact (e.g. Stöffler et al., 2006) and is probably the best estimate of the age of this impact However, while the relatively weak U-Pb system of apatite could well have been reset during the thermal pulse generated by the Serenitatis impact, the interpretation of the young age of the corona zircon is not so evident. One explanation is that the coronas of zircon around the baddeleyite, merrillite reaction rims around apatite and the clinopyroxene rims around orthopyroxene clasts formed at 4335±5 Ma as a result of chemical interaction between the felsic melt and the mineral clasts that originated from the gabbronorite intrusion.
Subsequently, the U-Pb system of polycrystalline zircon around the baddeleyite grain was reset by the Serenitatis impact at 3934±12 Ma, whereas the larger type-1 and -2 zircon grains
were not isotopically disturbed.
An alternative explanation is that the coronas of zircon around the baddeleyite grain and similar merrillite coronas around apatite grains formed as a result of a solid state reaction between the primary minerals and the felsic glass at 3934±12 Ma. Some of pyroxene clasts could also have re-equilibrated during this thermal event.
A resolution of which of these explanations is correct has profound implications for interpreting petrological relationships within the breccia and the breccia impact history.
Coronas of polycrystalline zircon around baddeleyite have been described by Davidson and van Bremen (1988) in metagabbros from the Grenville Province in Ontario.
Baddeleyite and zircon from these rocks show significant difference in age which was interpreted as an indication that polycrystalline zircon rims formed around primary baddeleyite in response to increased silica activity during regional metamorphism. Different ages of baddeleyite cores and zircon rims were also recorded in the samples of Gairdner Dyke Swarm in South Australia (Wingate et al., 1997 ) and a number of other locations. As a result, the most common interpretation of zircon coronas around baddeleyite invokes reaction of the latter with metamorphic fluid enriched in silica. However, there are also observations of zircon rims similar in age to the baddeleyite cores (e.g. Santos et al., 2004) . In this case, the similarity of ages suggests that zircon could form late in the magma crystallisation sequence as a result of reaction of baddeleyite with a fractionated more siliceous melt. It is evident that most of terrestrial examples of zircon corona formation around baddeleyite grains suggest crystallisation of zircon as a result of solid state reactions, supporting similar formation of zircon corona observed in the breccia thin section 73217,52.
Ti-in-zircon thermometry
The temperatures estimated by Ishii et al. (1983) C determined from the Ti-concentration in the type-1 and -2 zircons. However, the Tizircon data are highly inhomogenous indicating that Ti was not completely equilibrated between the zircons and the parent melt probably as a result of relatively fast cooling, as the partial loss of Ti from zircon grains after their formation appears to be improbable according to the sluggish volume diffusion of Ti in zircon (Cherniak and Watson, 2007) . Nevertheless, the SHRIMP Ti-data hint the possibility that the type-1 zircons could have formed at slightly higher temperature than the acicular type-2 zircons. The temperature of 1500-1400 o C determined for the type-3 zircon is significantly different from that recorded by the other two types. Even if this temperature is overestimated, the corresponding difference in the Ticoncentration indicates that the conditions were different during the formation of type-3 zircon and type-2 and -1 grains. Constraints on temperature formation of these minerals can be further investigated using Pb diffusion parameters in both zircons and apatite.
Pb diffusion constraints on the origin of type-3 zircon
The key to resolving which of the two alternative explanation for the origin of the corona zircon is true, is whether it is possible that the small type-3 zircons in the corona can be completely reset under conditions of the Serenitatis impact, while the larger type-1 and type-2 zircon grains remain closed isotopic systems. The difference in this resetting pattern can only be explained by the difference in the grain size. Type-1 zircons are about 25-30 μm wide and about 50 μm long, whereas the average size of zircon in the rim surrounding baddeleyite is about 5 μm. Assuming simple volume diffusion and spherical geometry the fraction of Pb loss can be estimated as:
where F is a fraction of Pb loss, D is diffusion coefficient, a is effective radius of diffusion (i.e. radius of the sphere) and t is time (e.g. Crank, 1975) .
Based on the approximations of this equation derived by Reichenberg (1953) , relationships between the radius of spherical grain and the fraction of lost Pb can be estimated for the relatively large and small loss as: 
The thermal pulse at 3934 Ma
Further assessment of the thermal history of the breccia sample at the time of the 3934 Ma impact can be modelled from equation (1) for a combination of apatite and zircon diffusion data (Cherniak et al. 1991; Cherniak and Watson 2001 ) and a similar set of assumptions regarding Pb loss, for type-1 zircon grains and the largest apatite grain of about 120 μm in size. The results of diffusion calculations of residence times for Pb in characteristic apatite and zircon grains in breccia 73217 for a range of temperatures are shown in Fig. 6 . The zircon curve (black) gives the time needed at a given temperature to lose 5% of its Pb. The apatite curve (grey) gives the time required at a given temperature to lose 95% of its Pb. The residence time trajectories place limits on the intensity and duration of the pulse associated with the 3934±12 Ma event. They indicate that the sample could not attain extremely high temperature during this event as, for example, at 2000ºC zircon will lose Pb beyond the 5% limit within about 10 seconds and even at 1700ºC it will take less than ten minutes to lose a detectable amount of Pb from the about 30 μm zircon grains. These time intervals appear to be very short considering that the sample was not finely dispersed in the impact and it may take some time to dissipate heat if the sample was above 1700ºC at any time. However, the estimated temperatures represent time integrated values meaning that the sample could have attained high temperatures for a few seconds and then cooled for a longer period of time. The true limit would be determined by the ability of the sample to dissipate heat. Regardless, the results indicate that 1700-1800ºC is the limit for the temperature spike as higher temperatures will result in the severe Pb loss from the zircon in a matter of few minutes or less.
Resetting of apatite without affecting U-Pb system of zircon requires that the sample remained for substantial period of time at the intermediate temperatures. For example, at 1200ºC the apatite U-Pb system will be reset within about a year while zircon will remain closed for diffusion. An additional limitation on the temperature attained by the sample is placed by the preservation of glass in the breccia 73217, suggesting that the sample was heated above the solidus of a silica-rich system of about 1000 o C. This, and constraints from the zircon and apatite curves indicate that, at 3934±12 Ma, the breccia sample experienced a thermal pulse to about 1250-1000ºC for a time interval between a few years and a few thousand of years.
IMPLICATIONS
History of breccia sample 73217
Complexity of the sample 73217 and absence of experimental work on the behaviour of U-Pb system of zircon under the extreme shock associated with the large impacts prevent unique interpretation of some data obtained for this sample. Because no relationships between the type-1 zircons and the minerals representing clast population have been observed in the studied thin sections, these zircon grains can be interpreted as crystallised from the felsic melt. Alternatively they could have formed in the gabbronorite and became broken and resorbed during the mixing of different components of the breccia sample. Available experimental data for Pb diffusion in zircon suggest that the zircon corona around baddeleyite grain formed during the last thermal event experienced by the sample. This conclusion is also supported by the high Ti concentration observed in the type-3 zircon compared to that of type-1 and 2 grains. The difference indicates different conditions of crystallisation of type-3 zircon and therefore provides independent evidence of their formation during the late 3.9 Ga event. However, the experimental data are more suitable for a relatively slow increase and relaxation of P-T pulse characteristic of terrestrial metamorphism and melting. Under these conditions, pressure is not considered to be a major factor of Pb diffusion. There is a substantial difference between this relatively slow process and shock generated during an impact where extreme pressure and temperature can be attained for a very short period of time. It is possible that under these conditions behaviour of U-Pb system in zircon is very different. As a result the possibility that the small polycrystalline zircons lost their Pb while other zircon grains preserved their original ages cannot be completely excluded.
Nevertheless, based on the currently available information, the data obtained for the breccia sample 73217 indicate that a gabbronorite source of clasts crystallised shortly before the formation of breccia at 4335±5 Ma. In addition to plagioclase and pyroxene, the gabbronorite contained variety of accessory phases, including apatite, baddeleyite and zircon. 
Bombardment history of the Moon
Although some interpretations of data obtained for the sample 73217 remain controversial, elongated, acicular zircon of type-2 clearly crystallized from the felsic melt inside the breccia sample, suggesting that an impact occurred at 4335±5 Ma. In addition, apatite grains define U-Pb age of 3936±17 Ma indicating complete Pb-loss during the Serenitatis impact. These results have profound implications for the understanding of impact history of the Moon. First of all, resetting of apatite U-Pb ages during the 3934±12 Ma impact while the U-Pb system of zircon remained intact suggests that some Ar-Ar ages obtained for the other breccia samples from the Apollo collection supporting a 3.9 Ga LHB model could also have been reset. Therefore, a number of samples containing impact melts predating LHB can have been placed into the 3.9 Ga group on the basis of Ar-Ar data, recording resetting event instead of true impact melt crystallisation. In addition, even if the original interpretation of the mesostasis representing an impact melt (Ishii et al., 1983) is not correct and the felsic melt existed before mixing with the gabbronorite component of the sample, a peripheral impact is still necessary to bring the two components together and accommodate the fast cooling rates after mixing (Huber and Warren, 2008) . The implied change from slow to fast cooling rate requires a significant change in the depth of magma crystallisation before and after the impact. This suggests a substantial energy of impact and therefore a significant size of the impactor. The 4335±5 Ma age defines the time of this major impact event. This age is not unique in the analysed zircon population from Apollo 17 breccias. A large and old zircon fragment (>0.5 mm, >4.44 Ga) was identified in the matrix of breccia sample 72215, collected about 3 km to the south-west of the 73217 location . Resetting of part of this zircon due to impact-related crystal-plastic deformation occurred at 4333±7 Ma.
The size of the grain indicates very slow original crystallisation from magma at substantial depth. Impact-related exhumation from depth and ductile deformation of this grain is evidence of a significant, high energy, impact at this time. Recent zircon and Ar-Ar age determinations also provide evidence of large impacts predating LHB (Fernandes et al., 2008; Fig. 1a ; ilm, ilmenite. (b) and (c) Legend as in Fig. 1b-c . Spots 2-6 and 2-7 have been analysed for a previous study ; spot 2-6 represent the real size of the spot without the rastered zone and spot 2-7 is located in the same place as spot 2-2. 
